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$EVWUDFW Groundwater wells are one of the most important water resources in the world. Control and
management of these resources are of high importance due to the implicit need of water as the main
resource for life. This research focuses on a hydrogeological analysis with clustering, which is one of
the most popular data mining methods, including In the classical data mining scheme, last step
corresponds to the effective production of knowledge. In this paper, special focus on that part is done,
by means of post-processing tools. The main goal is to discover prototypical profiles from the acquifer
Pedro González in Margarita Island (Venezuela), in order to understand the prototypical water
conditions regarding quality and supply level. The database contains 36 groundwater wells and their
hydrogeological variables, i.e., electrical conductivity, static level, pH and geographical coordinates
that were collected in five annual measurement campaigns. Clustering methods were used to discover
profiles and a typology of three types of wells was extracted. Post-processing tools were used to get a
conceptualization of the resulting classes and comprehensible profiles were finally described. The
Class Panel Graph (CPG) and the Traffic Light Panel (TLP) were used to post-process the classes
and understand the resulting profiles through symbolic visualization. The TLP was presented to the
expert to support a multidisciplinary discussion and to create the mechanisms for a detailed
understanding of the evolution of the aquifer. Results reported that the aquifer is in a critical situation
in both water quality and supply levels. From this research, public administration performed some
technical actions to improve the performance of the aquifer and its preservation. At present, predictive
models local to profiles are developed.
.H\ZRUGV: Data Mining, Hydrogeology, Acquifer, Clustering, Traffic Light Panel (TLP), Postprocessing. Decision-making
 ,1752'8&7,21
Water is the most important resource for life. Being a non-renewable resource, control and monitoring
management is required to guarantee its presence and quality. Groundwater wells are one of the most
common water resources for human life, regarding both human consumption and agricultural uses.
However, groundwater wells are easily affected by antropic conditions that influence both water quality
and flow inside the acquifers (Custodio & Gurgui, 1990) (Gonzalez de Vallejo & Ferrer, 2011). Some
experimental studies have been performed to understand the evolution of the acquifers. For the
particular case of Margarita Island’s (Venezuela), in Jegat et al. (2010) a hydrogeological model was
obtained to explain how salinity could affect these acquifers by means of mineral dissolution of the
rocks surrounding the acquifer area. In Corsi (2006) a descriptive model explained how
hydrogeological conditions determine electric conductivity in Margarita Island groundwater wells,
which is consequence of interactions between water and rocks of the lithology in the area. These
studies are related to hydrogeological processes and follow classical approaches.
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This work addresses the use of an integral Data Mining approach to better understand Margarita
Island’s acquifers. Is is well known that Data Mining (DM) provides useful techniques to analyse
complex phenomena (Han et al. 2011), even without big data (Gibert et al. 2008), and can contribute
to better understand the behaviour of hydrogeological processes in general and groundwater wells in
particular. In this work, the last step of the process, devoted to knowledge production is particularly
focused by means of post-processing tools. Results obtained from DM provide a better support for
decision-making activities when they are properly post-processed to produce really understandable
and useful knowledge in the sense claimed by Fayyad in its data mining seminal paper (Fayyad,
1996). Indeed, post-processing is crucial to complete the interpretation and to establish proper bridges
between data-driven models and decision-making processes (Cortez et al. 2013) (Gibert et al. 2013).
Some previous works refer the potential of DM techniques applied to water management and
hydrogeological systems. For instance, in (Dondo 2009) DM was used to predict water quality in
groundwater wells in Beaufort West – Karoo (South Africa) by focusing on temporal rules mining. In
(Gibert et al. 2010) FOXVWHULQJ EDVHG RQ UXOHV E\ VWDWHV was used to model dynamical operational
conditions in a wastewater treatment plant in Catalonia; in (Gibert et al. 2012) intensive postprocessing was introduced to identify characteristic situations in a wastewater treatment plant in
Slovenia.
In this research, an integral DM approach including interaction with experts, relevant variables
identification, clustering and post-processing is applied to Margarita Island’s acquifers (Venezuela) to
achieve prototypical hydrogeological profiles for well contributing to a better understanding the water
conditions, in terms of quality and supply level parameters. The knowledge discovered in this work,
was used in decision-making processes related to water management in Margarita Island’s aquifers.
Here, the post-processing step is focussed, as it was the brigde between the data exploitation step
and the effective decision-making.
The paper has the following structure: section 2 describes the proposed methodological approach: a
short description of the used post-processing tools (CPG y TLP) is provided. Section 3 introduces the
application domain. Section 4 shows experimental results. Section 5 provides discussion about the
hydrogeological profiles obtained a section 6 provides conclusions and future work.
 0(7+2'2/2*,&$/$3352$&+

The main goal of this research is to group similar groundwater wells according to hydrogeological
variables focusing on Clustering methods. Clustering is among the most popular DM techniques in real
applications (Gibert et al. 2008). Traditionally, the clustering results are expressed as a partition of the
original dataset and several groups of objects (wells in our case) are listed as final result. Next, the
analyst is the responsible to identify the particularities of every group and to assist the expert to
understand the clusters. This task becomes more and more complex as the number the classes and
variables involved increase; being human-based, important details might be missed in final
description, and this only depends on the expertise of the analyst. Thus, providing post-processing
methodologies oriented to establish connections between clustering results and an effective decision
making is of great interest to assist both expert and analyst in this comprehension process (Cortez et
al. 2013) (Gibert et al. 2013) and the effective knowledge production stated by Fayyad (Fayyad et al
96) as the last step of the Data Mining process. In this work the proposed post-processing is based on
the use of Class Panel Graph (CPG) (Gibert et al 2010) and Traffic Light Panel (TLP) (Gibert et al
2012).
The CPG is a visual tool in form of panel representing variables in the columns and a reference class
variable in the rows, and the conditional distributions of the variables versus the classes in the cells.
The class variable can be produced by a previous clustering process or other methods, including
expert-based. Both multiple histograms and multiple boxplots are suitable representations for
numerical variables and bar charts are used for qualitative. CPG concentrates information of a number
of variables in a single page and provides a very compact perspective of particularities of the classes.
CPG is a first support to the classes’ interpretation process. The TLP is a symbolic abstraction of the
CPG. It is a very friendly tool because it exploits the association between the traffic light colours and
the general trend of the variables in every class to help the expert to understand the clusters and to
support the conceptualization of the discovered classes. To build it, the semantics of the variables is
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modeled and used to determine the colour coding of the TLP cells. In the particular application
presented here, red colour is associated with worse well conditions, yellow for intermediate or neutral
situations and green for better well conditions.
The methodological approach applied to identify the hydrological profiles for Margarita Island’s aquifer
could be summarized in the following pseudo-algorithm:
Step 1: Determine relevant data, collect and prepare for the analysis
Step 2: Perform clustering over the dataset. Wells are grouped in classes or profiles.
Step 3: Obtain basic statistics per class.
Step 4: Build CPG for all variables versus the discovered classes.
Step 5: Use proper significance tests to assess the relevance of each variable in determining the classes:
ANOVA, Kruskal-Wallis, ʖ2 independence tests…. depending on the nature of the variable
Step 6: Get the polarity of the variables according to their meaning (semantics) from experts and perform
colour-association
Step 7: Build the TLP of relevant variables according to CPG, significant tests results and color based on
variable’s polarities (see Gibert et al 2012 for details).
Step 8: Show the TLP to the experts and ask them to conceptualize the classes by providing class labels.
(knowledge production step)
Step 9: Associate decisions to every class together with experts

 $33/,&$7,21'20$,1

This research regards a set of groundwater wells in Margarita Island (Venezuela). The acquifer is
placed in Gómez County and delimited by Pedro González-El Salado sector at 38Km from the capital
(La Asunción) including a 32Km2 area. At present, this acquifer is having some problems related to
water quality and supply level. Salinity is also affecting the water quality for human consumption. Fig. 1
shows the geographical location of the Acquifer while Fig 2 is a local view (picture) of the experimental
area. The weather in this place is clearly correlated with Caribbean and Tropical conditions:
temperatures are around 24-26 Celsius degrees all year long; rainy season is from October to
December. Vegetation is typical from GU\ WURSLFDO IRUHVW and only a few rivers with minimal flow are
present in the Island. Several campaigns (during five years) were conducted to recollect data from 36
groundwater wells. Collected data was organized into a database composed of descriptions of well
conditions per year and well. Considering 36 groundwater wells and yearly descriptions per well during
5 years, the data base contains 180 records. The set of variables is described in table 1.
Previous works point out a close relationship between the list of variables in table 1 and acquifers
water quality in Margarita Island (Gonzalez & Ferrer, 2011):
&(: values ranging from 0 mS/cm to 1.2 mS/cm guarantee drinkable water; from 1.2 to 2.5 mS/cm indicate
suitable domestic uses (non drinkable); more than 2.5 mS/cm indicates polluted water or sea water.
1(NE longer than 20 meters are associated with low potential supply wells;
NE from 5 to 20 meters indicates risky wells; NE shorter than 5 meters corresponds to optimal wells, i.e.,
appropriated to good supply levels.
3K commonly drinkable water has values from 6.5 to 8.

UTMY and UTMX are geographical coordinates to locate the aquifer in maps and geographical
information systems.
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Figure 1. Geographical situation of the Aquifer in Margarita Island – Venezuela



Figure 2. Overview of the Aquifer in Margarita Island - Venezuela



Table 1. List of variables measured in Margarita Island Aquifer
9DULDEOH
IDPOZO
YEAR
CE

8QLW
n/a

NE

mS/cm(miliSiemens
per cm)
meters

Ph
UTMY(N)
UTMX(E)

From 0 to 14
n/a
n/a

'HVFULSWLRQ
Identification (code) of the groundwater well
Year of the measurements
Average Electrical Conductivity in water measured
as concentration of dissolved solids in water.
Average Static Level of the water in the well: level
of the water in natural (static) conditions. Distance
from the top of the well to water level.
Average Water Ph
North coordinates of the well.
East coordinates of the well.
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 (;3(5,0(17$/5(68/76
Following the proposed methodology, data has been analyzed. For the clustering step, the Ward’s
method (Ward 63) with Euclidean distance were used. The number of classes was determined by
optimizing the Calinski-Harabasz index (Calinski & Harabasz, 1974). A clustering in 3 classes was
found. These classes were labelled as: C30 (40 records corresponding to 8 wells), C33 (120 records
from 24 wells) and C11 (20 records from 4 wells). It is worth to note that records of different years
corresponding to a single well are all placed in the same class, indicating some stability along time of
the well conditions. Central trends of main variables (median and mean) are in table 2 and the CPG in
Fig 3.

Table 2. Conditional Statistics (median and mean per classes) after clustering process. Mean is shown
in brackets
&ODVVHV
C11
C33
C30

QF

20
120
40
*OREDO0HGLDQ

&(

1(

3K

4.110 (4.14)
2.155 (2.33)
2.195 (2.26)
  

2.04 (2.58)
15.460 (19.25)
8.805 (8.617)
  

7.520 (7.49)
7.525 (7.58)
7.495 (7.51)
  

Figure 3. Class Panel Graph (CPG) for the whole set of variables in Margarita Island’s Aquifer

Kruskal-Wallis test was performed to assess significance of variables versus classes. Ph is the only
non-significant variable, indicating no relevant differences on Ph among the classes. However, Ph
values indicate good chemical properties of the water. All remaining variables show significant
differences among classes (Į=0.01). This indicates that all variables except Ph show important
different behaviour in at least one class, and, in consequence, hydrogeological profiles represented by
the clusters are statistically different in terms of medians. Then, TLP (Fig. 4) is performed over water
quality and supply level variables. Geographical variables (NORTE and ESTE) will be used later to
establish spatial relationships among profiles, geographical positioning and geological characteristics
associated to the location, in interaction with the expert.
 ',6&866,21

Experimental results and TLP were shown to Hydrogeological experts and members of the ³0LQLVWHULR
GHO$PELHQWH´ (Ministery of the Environment, Venezuela), the governmental agency that controls these
water resources in Margarita Island. The conceptualization process performed by the experts upon the
TLP provided a final description of the classes in three hydrogeological profiles.
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Figure 4. Traffic Light Panel (TLP) in Margarita Island Aquifer
& Electrical conductivity in this profile is high. Water quality in these wells is not good and it is
labelled as non-suitable for both human consumption and domestic uses (agricultural uses).
However wells in this class have a good level of supply, but this water needs purification before
becoming drinkable.
& This class groups the main quantity of wells in the acquifer. Their supply levels are in an
alarming situation. Water quality is in the border to be used for domestic uses.
& It is an intermediate class. Both quality water and supply levels are in the border. Wells included
in this class could be used for domestic uses but not for human consumption.
From a general point of view, Acquifer in Pedro González-El Salado (Margarita Island) presents
a critical situation. None of the wells seem to be suitable for supplying human consumption
water. This is a matter of concern, since water demand in the island is increasing every year.
Currently, Margarita is one of the main touristic places in Venezuela. Current situation requires
urgent implementation of policies oriented to improve water quality as well as to guaranty stable
water supply. On this regards, experts suggested the following plan, which also considers
geological conditions and geographical position of the wells (Fig.5):
& Water resources in wells belonging to class C11 have risks for both human consumption and
agricultural uses. This water is not able to be used in any case because has big values of CE
which could deteriorate the soil if used in agricultural activities. Salinity is present in these wells.
This water could be treated because wells have a good potential to supply water, but this option
is still very expensive for the local economy. As seen in Fig. 5, all wells in this profile are placed
in the North-western of the acquifer, which coincides with a lithology characterized by HYDSRULWHV
rocks. These rocks have a high quantity of salt and could be the responsible factor of such high
values of CE inside the wells. The recommendation of experts is to keep these wells close until
a desalination plant could be used to purify water.
& Contains a lot of wells. Water quality is not bad, but supply levels are quite low. Experts
recommend a new supervision plan regarding the exploitation of these wells. Water extraction
should be monitored in order to guarantee the water resources in this area, placed in the
middle-eastern of the acquifer. Note that clustering techniques plus post-processing have been
useful not only to detect profiles, but also to group wells within their spatial position.
& Wells in this class are good for agricultural uses. Supply levels are close to be good. They are
placed in the middle-southern, but near from some wells in C11. Thus, experts recommend
monitoring activities in order to avoid salinity due to proximity with the critical zone labelled as
C11.
The final suggestion consists of keeping and controlling this aqcuifer by applying a control system able
to get measures of the CE and NE periodically for the next two years. This activity includes campaigns
to collect measurements of isotopes present in the acquifer in order to obtain regression curves to
predict water conditions in the future. Even if water demand in the area is increasing, all these
resources are forbidden for human consumption.
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Figure 5. Geographical position of the wells accordingly to classes.
 &21&/86,216$1')8785(:25.

In this work, a clustering+post-processing data mining approach was used to discover comprehensible
hydrogeological profiles in acquifers located in Margarita Island, Venezuela. Clustering techniques
allowed to group similar wells according to hydrogeological properties associated to their water
resources. Then, post-processing tools were applied to conceptualize these results and provided a
friendly and useful description of these profiles, in order to improve both the discussion of results with
experts and to create a bridge between results from data mining and decision-making processes. In
this research, the discovered clusters constituted the basis of the planning that Venezuelan
government is currently deploying, and the decision-making process is described in section 5.
The TLP is providing a symbolic view of the general situation of the wells belonging to Pedro
González-El Salado acquifer in Margarita Island. The three hydrogeological profiles (classes) show the
critical situation of the acquifer in terms of water quality and supply level. Spatial positioning of the
profiles also helped to evaluate the acquifer in terms of geological conditions that could affect the
acquifer future itself. Discussion with experts gave the opportunity to establish a control and
monitoring plan oriented to guarantee the water resources in the near future.
The current work provides a static evaluation of the last 5-years period of the acquifer, and permitted
to establish a governmental policy for the next 2 years to avoid deterioration of supplied water quality
in current conditions.
Currently, clustering based on rules by states is being performed to detect temporal relationships and
transition states along time to model the dynamics of the acquifer by considering yearly data
granularity. In addition, new data campaigns are being carried out to collect measurements of isotopes
present in water to improve prediction of water quality by means of regression curves.
 $&.12:/('*(0(176
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